We report the fabrication of multiple emulsions where both the enclosed and the external water phases are structured using a combination of two non-gelling biopolymers. Emulsions (with gelled inner water droplets and gelled water continuous phase) were created using a simple 'one-step' process where the oil phase (triglyceride oil and polyglycerol polyricinoleate) and the water phase (containing a combination of locust bean gum and carrageenan) were emulsified at an elevated temperature (70 C) followed by cooling to room temperature. The temperature triggered gelling of the synergistic biopolymer combination led to the formation of structured emulsions on cooling. Flowable to self-standing emulsion gels could be prepared by changing the total concentration of polymers (and the ratios of the individual polymers) as confirmed from low amplitude oscillatory shear rheology and creep recovery measurements. The cryo-scanning electron microscopy images of freeze-fractured emulsion samples revealed the presence of gelled inner water droplets. Further, when subjected to heating and cooling cycles, emulsions displayed reversible rheological changes which could be tuned by simply changing the total polymer concentration and the proportions of individual polymers. Such biopolymer-based structured emulsions with interesting microstructure and rheological properties could find potential applications in biorelated fields like food structuring.
Introduction
In recent times, it has been increasingly realized that emulsions with complex microstructures (such as multiple emulsions) hold great potential for applications in several bio-related fields such as pharmaceuticals (Zhao, 2013) , foods (Jim enez-Colmenero, 2013) and cosmetics (Carlotti, Gallarate, Sapino, Ugazio, & Morel, 2005) . For example, in pharmaceutical field, the compartmentalization of drug molecules in different phases of a double emulsion can be used to achieve controlled release features (Florence & Whitehill, 1982; Vasiljevic, Parojcic, Primorac, & Vuleta, 2006) while in food structuring, they can be used for fat reduction, probiotic delivery and flavor release control (Leal-Calderon, Thivilliers, & Schmitt, 2007; Muschiolik, 2007) . Moreover, multiple emulsions can also serve as templates for generation of novel materials with fascinating microstructures that can be used for encapsulation and micro reactor applications (Adams et al., 2012; Choi et al., 2014; Lee & Weitz, 2009 ). However, practical applications of multiple emulsions are severely limited due to the factors such as the requirement of multi-step emulsification process (Leal-Calderon, Thivilliers, et al., 2007; Matsumoto, Kita, & Yonezawa, 1976 ) and the associated physical stability issues including creaming and coalescence (Ficheux, Bonakdar, Leal-Calderon, & Bibette, 1998; Garti & Bisperink, 1998; Leal-Calderon, Bibette, & Schmitt, 2007; Leal-Calderon, Thivilliers, et al., 2007) . These problems are wellknown and accordingly, a lot of research efforts have been put in simplifying the preparation process (Choi, Weitz, & Lee, 2013; Ge, Shao, Lu, & Guo, 2014; Morais, Santos, & Friberg, 2010) as well as improving the physical and colloidal stability of multiple emulsions (Benichou, Aserin, & Garti, 2004; Goubault et al., 2001; Hanson et al., 2008) . It has been suggested by some groups that structuring one of the phases of multiple emulsion through the use of polymers or proteins could lead to an enhanced physical stability of emulsion (Benichou et al., 2004; Dickinson, 2011; Surh, Vladisavljevi c, Mun, & McClements, 2006) as well as the reduction in the concentration of surfactants required for emulsion preparation (Perez-Moral, Watt, & Wilde, 2014) .
In the present work, we demonstrate a facile 'one-step' approach of fabricating multiple emulsions stabilized by a single lipophilic surfactant and structured using a combination of two non-gelling biopolymers. The method involves the use of temperature induced gelation property of a synergistic combination of polymers (locust bean gum, LBG and l-carrageenan, Car) to obtain emulsions with gelled inner droplets as well as a gelled continuous water phase. In addition to influencing the inner water phase distribution, the gelation of the continuous water phase also stabilizes emulsions against creaming and provides structural framework resulting in interesting viscoelastic properties (including thermo reversible rheological changes). Representation of process is shown in Fig. 1 where 20 %wt oil phase (containing sunflower oil and polyglycerol polyricinoleate, PGPR) and 80 %wt water phase (containing LBG:Car) are emulsified at high temperature (70 C) followed by cooling to room temperature. The variation of total polymer concentration in the water phase results in the formation of a range of flowable to self-standing emulsion gels.
Experimental

Materials
Refined sunflower oil was received as gift sample from Vandemoortele R&D Izegem, Belgium. Polyglycerol polyricinoleate (GRINDSTED ® PGPR) was received as gift sample from DuPont
Nutrition & Health, Denmark. Locust bean gum (VISCOGUM™) and l-carrageenan (SATIAGUM™) were generous gift samples from Cargill R&D (Vilvoorde, Belgium). Hydrochloric acid was purchased from Sigma Aldrich Inc., USA. Distilled water was used for all the experiments.
Preparation of structured emulsions
Stock solutions containing LBG: Car at a constant ratio (1:1) and different total polymer concentration (1, 2, 3 and 4 %wt) as well as a constant total polymer concentration (2 %wt) and varying LBG:Car ratios (0.5:1.0, 0.8:1.2, 1:1, 1.2:0.8, 1.5:0.5) were prepared by weighing accurate amount of polymer powders in distilled water. The pH of the stock solution was adjusted to neutral (pH ¼ 7) using HCl. For emulsion preparation, 80 g of the above stock solutions and 20 g of oil phase (containing 19.6 g sunflower oil and 0.4 g PGPR) were heated at 70 C (viscosity ratio of W:O at 70 C~11) and emulsified at the same temperature using a high energy dispersing unit (Ultraturrax ® , IKA ® -Werke GmbH & Co. KG, Germany) at 11,000 rpm followed by cooling to room temperature under shear (at a constant rate of 2 C/min). For comparison, emulsions with only LBG or Car in the water phase were also prepared using the method described above.
Microstructure studies
Optical and cryo-scanning electron microscopy (cryo-SEM) was utilized to study the microstructure of the samples. Optical microscopy was done on Leica DM2500 microscope (Leica Microsystems, Belgium). For cryo-SEM, samples of the emulsions were placed in the slots of a stub, plunge-frozen in slush nitrogen and transferred into the cryo-preparation chamber (PP3010T Cryo-SEM Preparation System, Quorum Technologies, UK) where they were freeze-fractured, sublimated for 20 min and subsequently sputtercoated with Pt and examined in a JEOL JSM 7100F SEM (JEOL Ltd, Tokyo, Japan).
Droplet size measurements
The droplet size (volume moment mean, D 4,3 ) of the emulsion samples were measured using light scattering (Master sizer, Malvern Instruments Ltd, UK) after appropriate dilution. All measurements were carried out at 20 C and the results reported are average of three readings.
Rheological measurements
The rheological measurements of emulsion samples were carried out on an advanced rheometer AR 2000ex (TA Instruments, USA) equipped with a Peltier system for temperature control. A parallel plate cross-hatched geometry of diameter 40 mm was used and the geometry gap was set at 1000 mm. The samples for rheology measurements were prepared beforehand using circular molds to obtain gelled disks of diameter 45 mm and height of 1500 mm. A range of experiments including the temperature ramps (heating from 5 to 80 C and cooling back to 5 C at 5 C/min, strain ¼ 10
À2
and frequency of 1 Hz), amplitude strain sweeps (10 À4 e10 2 ) at frequency of 1 Hz, frequency sweeps (0.6e100 rad/s À1 ) at strain of 10 À2 and creep recovery test (stress for creep step was 1 Pa) were carried out at 5 C.
pfg NMR diffusometry for determination of enclosed water volume
Pulsed field gradient (pfg) NMR experiments were performed at 5 C using the stimulated echo pulse (STE) sequence, which was preceded by an inversion recovery experiment for suppression of the NMR-contribution from the fat phase in the emulsion. Measurements were performed varying the gradient strength (G) (van Duynhoven et al., 2007) between 0 and 3.17 T/m while keeping the gradient duration (d) constant (2.5 ms) and the diffusion delay Fig. 1 . A photographic representation of the 'one-step' process used for emulsion formation. The variation of total polymer concentration in the water phase results in flowable to selfstanding emulsion gels. From a) to d), the total polymer concentration in the aqueous phase was 1, 2, 3 and 4%wt.
(D) fixed at 60 ms (Vermeir, Balcaen, Sabatino, Dewettinck, & Van der Meeren, 2014) . The free self-diffusion coefficient of the water phases was measured (D s ) using the DSD script (Oxford Instruments, UK) and varying the duration (d) between 0.05 and 2.75 ms while keeping the gradient strength (G) and the diffusion delay (D) constant at 0.14 T/m and 200 ms, respectively. As such, the D s evalue of the 1e2e3% aqueous LBG/Car (1:1) polymer phaseamounted to 1.17E-9, 1.14E-9 and 1.12E-9 m 2 /s, respectively. The D s evalue of the water phase containing 2% LBG/Car in a ratio 0.5:1.5 amounted to 1.17E-9 m 2 /s, whereas it amounted to 1.14E-9 m 2 /s for the other ratios in the same concentration. The data were fitted to two models as described below:
1. Murday Cotts model including a free water compartment
In general, pfg-NMR is a fast and non-destructive method to quantify molecular diffusion with a limited need for sample preparation. In W/O/W emulsions, differences in diffusion behavior allow discriminating between internal and external water. Due to free diffusion of water molecules (with only a minor obstruction effect due the oil globules present) in the external water phase and restricted diffusion in the internal water droplets, a combination of fast and slow echo-decay is recorded at low and high values of q 2 , respectively. Hereby, q is a function of the gyromagnetic ratio Y (2.675.10 8 s À1 T À1 ), the gradient duration d and the gradient strength G according to:
Assuming that the diffusion of the inner water droplets, as well as the water exchange through the oil or fat phase is negligible during the analysis, the water signal should give rise to a quasi biexponential decay E tot as a function of q 2 and diffusion delay D: Where E p is the total attenuation of the NMR-signal of the polydispersed population of spherical droplets in the inner water compartment. Using a sufficiently long diffusion delay time scale
, the diffusion of protons in the internal water phase is restricted (Denkova et al., 2004 ) and the echo-decay E(R,q 2 ) of each droplet of radius R with a certain probability P v can be described by the Murday and Cotts equation (Murray & Cotts, 1968) and by a lognormal volume-weighted probability distribution, respectively. Reference is made to Hindmarsh et al. (Hindmarsh, Su, Flanagan, & Singh, 2005) for more detailed information. The arithmetic average radius (R 43 ) of the supposedly lognormal volume-weighted particle size distribution P v , the enclosed water volume fraction EV (as well as the external water volume fraction (1-EV)), the effective diffusion coefficient in the external water phase (D e ) and the echo intensity in the absence of a magnetic field gradient (I 0 ) may be estimated by performing a least-squares fit of the model to the echo intensity data using Matlab 7.5.0.342 (R2007b) software (The MathWorks). Hereby, the enclosed water volume (EV) is defined as the fraction of the total water that is present as internal water droplets. For reasons of unreliable estimations, the arithmetic standard deviation of the lognormal distribution was not taken as a freely adjustable parameter within the model, but was kept constant at 0.25 mm, which gave a comparable EV-value as the one obtained from the biexponential approximation (see below).
Biexponential approximation
The EV-value can be obtained by fitting a biexponential function, e.g. using Sigma Plot 2000 6.0. software (SPSS Inc.), to the experimental echo attenuation ratio as a function of gradient strength by converting Eq. (1) into
while using fixed values of d and D.
Results and discussion
Preparation of structured emulsions
LBG and l-Car used in this study are both natural polysaccharides and in terms of functionality, they are known as nongelling polymers that form viscous sols when dispersed on their own in water (Food polysaccharides and their applications, 2006; Functional properties of food macromolecules, 1998). However, a combination of LBG:Car is known to show strong synergistic interactions leading to the formation of what is called as 'weak gels' (Camacho, Martínez-Navarrete, & Chiralt, 2005; Hern andez, Dolz, Dolz, Delegido, & Pellicer, 2001; Patel, Rodriguez, Lesaffer, & Dewettinck, 2014) . Emulsions prepared with PGPR as surfactant (at 0.4 %wt of total emulsion) and only individual polymers in the water phase were O/W types and showed instant flocculation and creaming, while gelled emulsions (W/O/W types) were obtained when LBG:Car weak gel was used as the water phase (Fig. 2) . The cryo-SEM images of freeze-fractured sample of the creamed layers ( Fig. 2b and d) suggests that the flocculated oil droplets are surrounded in mesh of polymer network providing a barrier, preventing any internal contacts among the oil droplets. On the other hand, the cryo-SEM image of the gelled emulsion (Fig. 2f) clearly shows the presence of polymer network in the continuous phase as well as in the gelled water droplets enclosed inside the solid oil droplet. Since, the PGPR concentration was held constant in each of these emulsions, the results suggests that a weak gel structure of the water phase was responsible for the formation of W/O/W emulsion. The gelation of the inner water droplets ensures that there is no coalescence and consequent diffusion to the external water phase. In addition, the gelation of external water phase contributes to the physical stability of emulsions by preventing flocculation and creaming of oil droplets. Though, both LBG and Car are known to be non-surface active and thus are not expected to adsorb at the oil-water interface (Dickinson, 2003) , there are however reports claiming that some hydrophilic biopolymers (LBG, in particular) lowers the interfacial tension by adsorbingprecipitating on the oil-water interfaces (Garti, 1999; Garti & Reichman, 1994) . The presence of polymer around the creamed layer of flocculated oil droplets in the current work can be attributed to either the adsorption/precipitation of these polymers on the oil-water interfaces or their interaction with PGPR covering the oil-water interfaces. It is important to note here that though PGPR is hydrophobic surfactant, at high volume fraction (above close packing) of water phase, it is more likely to form inversion-induced water continuous emulsions (Dickinson et al., 1996; Eley, Hey, & Symonds, 1988; Matsumoto, Koh, & Michiure, 1985) .
Microscopy and droplet size analysis
Emulsions prepared at 1, 2, 3 and 4 %wt total polymer (LBG:Car) concentration (at a constant LBG:Car ratio of 1:1) and varying LBG:Car ratios of 0.5:1.5, 0.8:1.2, 1:1, 1.2:0.8 and 1.5:0.5 at a constant total polymer concentration of 2 %wt were evaluated for droplet size distribution studies using light scattering. The size distribution and volume moment mean diameter of oil droplets in these emulsions are shown in Fig. 3 . As seen from Fig. 3a , the variation in the polymer concentration did not have an effect on the size distribution profile of oil droplets with the average droplet diameter ranging from 20 to 40 mm. The average diameter plotted as a function of LBG:Car ratios suggests that the increase in the LBG proportion (and the consequent decrease in the Car proportion) led to a decrease in the average diameter of droplets (Fig. 3b) . To study the microstructure, emulsion samples were freeze-fractured and the water was sublimated in the cryo-preparation chamber before imaging the samples under scanning electron microscope. The images of fractured oil droplets corresponding to different emulsion samples are shown in Fig. 4 . It is important to note here that these images represent the most frequently observed morphology of oil droplets in the respective emulsion samples. The polymer concentration had a definite effect on the morphology of water-inoil droplets as seen from Fig. 4 (the distribution of water and oil phase is depicted as drawings in figure inset for clarity) . The sublimation of water in the fractured sample made it possible to see the presence of a meshed network of polymers in the inner as well as the continuous water phase confirming that the emulsion samples had a complex microstructure (i.e. gel-in-oil-in-gel and in some cases oil-in-gel-in-oil-in-gel, Fig. 4 b, c and f) . Furthermore, on comparing these images, it does seem like the increase in the total polymer concentration led to an increase in the volume of enclosed water phase. The image of emulsion sample prepared with single polymer clearly shows that a combination of polymer was indeed required to cause enclosure of water phase in the oil droplets.
Rheological measurements
As seen previously from Fig. 1 as well as from the results of microstructure studies described in Section 3.2, the amount of polymers in the water phase used for the emulsion preparation did have a distinct effect on the macrostructure as well as the microstructural morphology of the samples. To further understand these effect, the weak link between rheology and microstructure was investigated by characterizing the viscoelasticity of emulsion samples through low amplitude oscillatory shear measurements (including amplitude and frequency sweeps), creep-recovery tests and temperature ramps.
Amplitude and frequency sweeps
The results from amplitude (strain) and frequency sweeps shown in Fig. 5a and c gave important information about the effect of polymer concentrations on the gel strength and the yielding of emulsion samples. While, all the samples made at 4 different total polymer concentrations (1e4%wt LBG:Car) behaved as gels (elastic modulus, G 0 was higher than viscous modulus, G 00 over entire range of strain used within the linear region), the gel strength and the yielding properties were significantly influenced by the total polymer concentration. The elastic modulus in the linear region (G 0 LVR ) increased more than 10 fold from 103.5 ± 0.9 Pa to 1045 ± 16.3 Pa for emulsion prepared at 1% and 4% wt LBG:Car (1:1) in the water phase respectively, suggesting a strong effect of polymer concentration on the consistency of the emulsion. Since, the oil volume fraction in the emulsion is low (~0.2), the rheology of emulsion can be assumed to be defined entirely by the bulk water phase without much contribution from the oil-water interfaces. All emulsion samples also showed yielding behavior at higher strain values, with the critical strain at the crossover or yield point (point where G 00 becomes larger than G 0 ) ranging between 4.25 and 14.10. Frequency sweeps were also performed to study the response of the samples to the applied rate of deformation or frequency. Unlike amplitude sweeps, when analyzing the frequency scans, more emphasis is laid on looking at the trends and changes in the data rather than the specific peaks or transitions (Dynamic mechanical analysis, 2008). Since, frequency is inverse of time, low frequencies allow the samples time to relax and respond and thus, the flow properties dominates and as the frequency increases, the sample behaves more and more in elastic fashion; hence, the G 0 increases with the increase in the frequency (Dynamic mechanical  analysis, 2008) . The change in G 0 (as a function of frequency) increases with the viscoelasticity of the materials studied and in case of gels, the weaker the gel strength, the greater is the dependence of G 0 on frequency (Osada & Khokhlov, 2001 ; Rheology: Concepts, methods and applications, 2006; The rheology handbook: For users of rotational and oscillatory rheometers, 2006). The curves from frequency sweeps (G 0 and G 00 plotted against angular frequency, u) shown in Fig. 5c , suggests that the emulsion samples had reasonable gel strength with a slight dependence of G 0 on the applied frequency (slope of curves slightly positive), and G 0 > G 00 over the entire frequency range. As suggested by the initial G 0 values at low frequency, the effect of polymer concentration on gel strength is consistent with the results of amplitude sweeps.
The emulsion samples prepared using different LBG:Car ratios at a constant total polymer concentration (2 %wt) were also compared using strain and frequency sweeps ( Fig. 5b and d) . It was observed that the gel strength decreased with the increase in the LBG (decrease in the Car) proportion with the G 0 LVR decreasing from 479.4 ± 8.9 Pa for LBG:Car 0.5:1.5 to 173,9 ± 3.6 Pa for LBG:Car 1.5:0.5. As mentioned earlier, LBG and Car show synergistic interactions and these interactions are stronger at higher proportions of Car (Hern andez et al., 2001; Srivastava & Kapoor, 2005) . Accordingly, in our study, we also observed that the decrease in the Car proportion had a negative effect on the overall rheology of the emulsions which is more clear when comparing the curves from frequency sweeps (Fig. 5d) . As seen from the figure, the curves for samples with lower Car proportions (LBG:Car, 1.2:0.8 and 1.5:0.5) showed a clearly different pattern with a steeper slope which is indicative of a stronger dependence of response on the frequency or in other word a weaker gel strength. In fact, the emulsion prepared with LBG:Car, 1.5:0.5 even showed a predominantly flowdominated behavior ('liquid-like' characteristics) at low frequency with overlapping values of G 0 and G 00 at initial frequency (u ¼ 0.6 rad s À1 ).
Creep recovery test
The transient behavior of the viscoelastic properties of a material is best studied using creep recovery tests (Norton, Spyropoulos, & Cox, 2010; Sahin & Sumnu, 2006; Theocaris, 1967) . When a viscoelastic material is subjected to an instantaneous stress, the strain increases over time (a phenomenon known as creep) and the subsequent removal of stress leads to a decrease in the strain (recovery) which depending on the material properties, may or may not return to the zero strain over time (The rheology handbook: For users of rotational and oscillatory rheometers, 2006). The curves obtained from creep recovery tests done on emulsion samples are shown in Fig. 6 . Although a number of parameters can be extracted from a creep recovery curve, in the present work, following two parameters were compared: a) maximum creep (the peak strain at the end of creep step) and b) the relative recovery (the strain recovered at the end of recovery step, divided by the peak strain). A higher peak strain indicates a softer structure with higher flowability while a higher relative recovery is associated with a greater elasticity and a 'solid like' structure (Menard, 2008; Rheology: Concepts, methods and applications, 2006) . As seen from Fig. 6a , the peak strain for emulsion prepared at 1 %wt polymer concentration (g ¼ 0.81) was 100 fold higher than the emulsion prepared at 4 %wt (g ¼ 0.008). On the other hand, the relative recovery for emulsion prepared at 4 %wt polymer concentration was 58.8% compared to 38.3% for emulsion prepared at 1 %wt suggesting that the increase in the polymer concentration contributes to an increase in the elastic component of the viscoelastic behavior. When comparing the curves of emulsions prepared using different LBG:Car ratios (Fig. 6b) , the emulsion sample prepared at LBG:Car 0.5:1.5 showed highest relative recovery (82.7%) and lowest peak strain (g ¼ 0.01) and there was a progressive increase in the peak strain accompanied with a drop in relative recovery with the decrease in Car proportion with emulsion prepared at LBG:Car 1.5:0.5 displaying the highest peak strain of 0.52 and a lowest relative recovery of 44.2%. In summary, the results of creep recovery tests suggested that the polymer concentration and LBG:Car ratios influenced the viscous and the elastic components of the viscoelastic behavior of the emulsion gels and the results were in good agreement with the oscillatory measurements results discussed in Section 3.3.1.
Temperature ramps
The LBG:Car gels are known to be thermo-reversible, melting at high temperature and setting back to gel on cooling (Dea et al., 1975; Functional properties of food macromolecules, 1998; Patel et al., 2014) . A representative temperature ramp curve for LBG:Car water gel (1 %wt total polymer concentration and LBG:Car ratio of 1:1) is provided as Fig. 7 . Two distinct crossover points are seen in the graph corresponding to the 'melting' of gel (gel-to-sol transition) during the heating cycle and 're-gelation' (sol-to-gel transition) during cooling, thus, confirming the thermo-reversible property of LBG:Car gel. Similarly, emulsion gel prepared using 1 %wt LBG:Car (1:1) also showed melting during heating and setting back to gel on cooling (the respective temperatures are shown in Fig. 8a ). When the total polymer concentration was increased to 2 % wt, T gel-sol shifted to higher temperature while at 3 and 4%wt polymer concentration, the emulsion gels only showed a decrease in the gel strength at high temperature without any gel-sol transformation (Fig. 8bed) . It is interesting to note that the structure of gel recovered on cooling for all the emulsions prepared at different polymer concentrations. Moreover, as seen from Fig. 9 , the gel-tosol transformation could be altered by simply changing the LBG:Car ratios. The gel-to-sol transformations (G 00 > G 0 and tan d ¼ 1) are indicated on the graphs with dashed red lines. The transformation temperatures are influenced by the gel strength of the emulsion gels with temperatures between 45 and 55 C for stronger emulsion gels prepared at higher Car proportion to~3 0e35 C for weaker gels prepared at higher LBG proportions. All of these samples showed structure recovery as confirmed from the final values of G 0 , G 00 and tan d returning back to the initial values at 5 C on cooling (data not shown).
pfg NMR diffusometry measurements
To study the influence of the concentration of total polymer, the ratios of polymers and the concentration of PGPR on the volume of water enclosed in the inner phase, pfg NMR diffusometry measurements were carried out on emulsion samples and the obtained data was fitted using Murday Cotts model and Biexponential approximation. As seen from Fig. 10 , the % EV showed an increase with the increasing polymer concentration with a subsequent decreasing in the droplet size (R 4,3 ). When comparing the polymer ratios, the significant difference was observed only with LBG:Car ratio of 1.2:0.8 which showed the highest % EV (~6%) and a lowest value for droplet size (R 4,3 z 2 mm). Further, the concentration of PGPR in the oil phase also had an influence on the % EV. As seen from Table 1 , the % EV could be almost doubled when PGPR concentration was increased from 2 to 6 %wt. In all cases, the values obtained for % EV from Eq. (1) and Eq. (3) were comparable.
Overall, the results from pfgMNR diffusometry indicates that the enclosed water fraction was quite small in these emulsions. The low % EV is also reflected from the microscopy image (Fig. 2e) where the smaller oil droplets are seen to be devoid of any enclosed inner water droplets.
Low inner water encapsulation is an issue when working with 'one-step' emulsification. (Tu & Lee, 2014) From practical point of view, such current low levels of inner water encapsulation could limit its applications in food structuring such as for the development fat-reduced food products and a traditional 'two-step' emulsification would be more suited to incorporate a larger inner water content. However, the possibility of creating multiple emulsions through a 'one-step' process has generated a huge amount of interest from multi-disciplinary fields. (Besnard et al., 2013; Binks, Fletcher, Thompson, & Elliott, 2013; Hanson et al., Fig. 10 . Percent EV and volume weighted radii of inner water droplets estimated from Murday Cotts model (Eq. (1) and Biexponential approximation (Eq. (3)). Emulsions were prepared at different total polymer concentration (a) and varying ratios of LBG:Car (b). N.B. the emulsion with 4 %wt total polymer concentration could not be measured due to practical difficulty of transferring samples into the NMR tubes. Table 1 Influence of PGPR concentration on the % EV calculated from fitting the pfg NMR data with Murday Cotts model (Eq. (1)) and biexponential approximation (Eq. (3)). He et al., 2013; Hong, Sun, Cai, & Ngai, 2012) In our approach, we could increase the inner water encapsulation up to 25% but only by increasing the PGPR concentration up to 5 %wt of total emulsion. Similar use of high concentrations of PGPR is reported for formulating W/O/W emulsion with high inner water content. However, this concentration is much above the regulatory limit of PGPR in foods and in addition, the presence of PGPR is also readily detected as an unpleasant off-taste when used at such high concentrations.
(Jim enez-Colmenero, 2013) The approach described by us in this paper, requires PGPR levels within the regulatory acceptable levels and the successful formation of stable multiple emulsions (albeit at low inner water encapsulation) warrants further investigation where different type of biopolymers can be evaluated using different emulsification techniques (to get finer and desired droplet sizes) to achieve a higher inner water encapsulation. Successful formulation of such structured W/O/W emulsions with higher water contents are of major interest in foods especially to produce lower fat products while maintaining the oral fat perception ( 
Conclusions
In conclusion, gel-in-oil-in-gel type structured emulsions were successfully prepared using a 'one-step' emulsification process by exploiting the low-temperature gelling behavior of LBG:Car combinations. Rheological characterization revealed that the total polymer concentration as well as the LBG:Car ratio had a strong influence on the rheology of the emulsion gels resulting in the formation of flowable to self-standing gels. The emulsion gels prepared at certain polymer concentrations, showed reversible gelto-sol and sol-to-gel transformation. Moreover, the transformation temperatures could be tuned based on the ratios of LBG:Car used in the emulsion preparation.
Such biopolymer-based structured emulsions with tunable microstructure and rheological properties could be of interest to colloid scientists working in the area of food structuring.
